Abstract
Introduction
Depressive disorders are now the leading cause of years lived with disability worldwide (1) , with an estimated 300 million people being affected (2). Electroconvulsive therapy (ECT) remains the most efficient therapy for severe and treatment-resistant depression, with rates and time to response surpassing other established treatments (3, 4) . However, despite its efficacy, the therapy remains controversial. This may be related to its underlying neurobiological mechanisms being poorly understood, and reports of unwanted side effects.
Identifying brain structural and functional correlates of clinical response is thus a major research goal, as it may help clarify the mechanisms of antidepressant action and also help identify patients which are most likely to benefit from ECT treatment.
Magnetic Resonance Imaging (MRI) studies in patients receiving ECT have consistently reported increased volume of the hippocampus (5-9) and surrounding structures (6, (10) (11) (12) , complementing reports of reduced hippocampus volume in depression (13) .
Moreover, animal models of ECT have shown a dose-related increase in hippocampal neurogenesis (14) , which is a stem-cell-containing niche in the adult human brain (15) (see (16) ). Together, these findings are taken in support of the neurogenic theory of depression, which postulates that depression hinders neurogenesis in the hippocampus (17, 18) , and that ECT may reverse this effect (12, 14) . However, apart from inducing neurogenesis, electroconvulsive seizures (ECS-the animal model of ECT) also stimulate gliogenesis, angiogenesis and synaptogenesis (19-21), and these effects are not restricted to the medial temporal lobe. Furthermore, ECT-related changes in gray matter volume or density have been identified for numerous brain regions, including the basal ganglia (22), temporal pole (23), insula (23) and anterior cingulate cortex (10, 24, 25) .
Jointly these findings suggest more widespread effects of ECT than initially proposed; however, the extent and distribution of changes vary considerably across studies. Moreover, although some studies report associations between volumetric changes and clinical response M A N U S C R I P T
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5 (10, 12, 24) , these findings have generally not been replicated in meta-or mega-analyses (5, 6, 8) . The inconsistencies may arise due to variability in data acquisition and processing, in addition to clinical, treatment and demographic heterogeneity. With regards to data processing, various techniques for assessing structural changes exist. Some studies use voxelbased morphometry, while others use surface-or volume-based streams to generate maps of gray matter density, cortical thickness and surface area as well as subcortical volumes, respectively. These techniques likely differ in their anatomical structure identification (26, 27) , and also their modeling of longitudinal changes. Moreover, the selective focus on a few regions of interest (ROIs) without taking the full brain into account, gives a fragmented understanding of the neurobiological effects of ECT.
To overcome some of these shortcomings, we established the Global ECT MRI Research Collaboration (GEMRIC (28)), which aims to identify consistent brain alterations associated with ECT treatment in depression. The goal of the present study was to delineate whole-brain volumetric changes following ECT using the GEMRIC database and extend our previous investigation of hippocampal volumetric changes following ECT (5) . By performing a mega-analysis of single subject data, we tested if whole-brain structural changes are associated with ECT treatment number, mode of electrode placement and clinical outcome.
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Methods and Materials
Study sample
Clinical and demographic characteristics of the total sample are detailed in Table 1 .
For information regarding each site's demographic and clinical characteristics, we refer the reader to Supplementary Figure 1 and Supplementary Table 6 . In the present study, data from 14 sites were included, totaling 328 patients (60.7% female, mean age ± SD: 54.6 ± 16.3) and 95 controls (60.0% female, mean age ± SD: 46.9 ± 14.6). Patients were scanned before (within one week before the first ECT session) and after treatment completion (typically within 1-2 weeks after the final ECT session of the index series), except for site number 11
which scanned before and after the completion of nine ECT sessions. Controls were similarly scanned at two time points. Depressive symptoms were rated by the Montgomery-Åsberg 
Image acquisition and postprocessing
The image processing pipeline has been detailed elsewhere (5, 28) . In brief, 3D T1
weighted structural images with a minimum resolution of 1.3 mm in any direction were acquired at both time points using 1.5 T (1 site) or 3 T (13 sites) scanners. Image processing and analysis were performed by a pipeline optimized to increase the statistical power of M A N U S C R I P T In our primary analyses, we assessed group differences in volumetric changes across four major tissue compartments while controlling for age, sex, site and the respective baseline 
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Discussion
We here report that the structural changes following ECT in depression are broadly distributed. Using the largest sample size to date, we observed volumetric increases in widespread cortical and subcortical gray matter areas that varied based on the number of ECTs and mode of electrode placement. The subcortical gray matter changes were inversely associated with changes in ventricle volumes, while white matter volume remained unchanged. Finally, the volume enlargements of cortical and subcortical gray matter regions did not significantly relate to treatment outcome. Thus, our results indicate that gross volumetric increases of specific cortical or subcortical regions may not serve as viable biomarkers of clinical response.
As in our previous study, the gray matter volumetric effects were strongly related to number of ECTs and mode of electrode placement (5). Thus, volumetric changes of a broad set of brain regions beyond the hippocampus, scaled positively with the number of ECTs.
Although the gray matter expansion was general, the effects predominated in regions closest to the temporal electrodes, which are subjected to the highest electrical stimulation.
Moreover, the subcortical volumetric changes varied based on electrode placement, and thus RUL led to more right lateralized effects compared to BL electrode placement (38). This fits with computational modeling of electrical fields demonstrating more diffuse brain stimulation with BL compared to RUL (39, 40), and suggests that the neurotrophic response to ECT is not only related to its capacity to generate generalized seizure activity. Indeed, preclinical models have demonstrated a dose-dependent association between stimulus charge and dendritic arborization (41), implying that the electric field impacts ECT-related neuroplastic processes.
However, although the regional distribution of the subcortical volumetric changes varied based on mode of electrode placement, it was independent of number of RUL vs BL ECT sessions. Accordingly, the relationship between ECT electric field distribution and wholebrain changes in gray and white matter warrants further investigations. We did not observe significant whole-brain changes in white matter volume. This may at first seem contradictory, as previous studies have reported altered structural and functional brain connectivity ascribed to white matter changes (66, 67). However, the majority of studies have investigated the diffusion properties of (specific) white-matter tracts, while we report on the whole-brain white matter volume. Finally, it is possible that white matter changes lag behind gray matter increase, and thus our follow-up time may not have been sufficient to discover such changes.
One limitation of the present study rests in the heterogeneity of the patient sample.
Although we explicitly modeled differences between sites and ran all raw data through the same processing pipeline, sources of heterogeneity are likely to remain. However, heterogeneity allows greater generalizability and translational value, as indeed the patients' eligible for ECT varies across the globe. Secondly, the RUL vs BL electrode placements were not counter-balanced, and thus, any patient characteristic leading to the preference of electrode placement was also not controlled for. Thirdly, not all sites included healthy controls. To avoid potential biases introduced by the control sample, we therefore used two independent analyses when testing for volumetric changes in patients. Finally, we note that previous studies investigating cortical gray matter changes following ECT have mainly used cortical thickness and not cortical volume. However, volume change is the only parameter that can be applied to all tissue compartments (i.e. cortical gray matter, subcortical gray M A N U S C R I P T
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17 matter, white matter and CSF spaces), which permits a full assessment of brain structural changes following ECT.
In conclusion, we found that ECT induces volumetric enlargements of wide-spread cortical and subcortical gray matter regions, supporting the assumption that ECT induces GEMRIC = Global ECT-MRI Research Collaboration; GM = gray matter; WM = white matter; ECT = electroconvulsive therapy; BL = bilateral; RUL= right unilateral a Due to missing data for some variables, the number of subjects varies. b 28 subjects were missing magnetic resonance imaging before or after treatment and were therefore excluded from all analyses. c Information regarding number of ECTs was missing for 8 subjects. Of note, some subjects received more than one mode of electrode placement and one subject also received left anterior right temporal stimulation. 
